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We show that a baryon asymmetry can be generated by dissipative effects during warm inﬂation
via a supersymmetric two-stage mechanism, where the inﬂaton is coupled to heavy mediator ﬁelds
that then decay into light species through B- and CP-violating interactions. In contrast with thermal
GUT baryogenesis models, the temperature during inﬂation is always below the heavy mass threshold,
simultaneously suppressing thermal and quantum corrections to the inﬂaton potential and the production
of dangerous GUT relics. This naturally gives a small baryon asymmetry close to the observed
value, although parametrically larger values may be diluted after inﬂation along with any gravitino
overabundance. Furthermore, this process yields baryon isocurvature perturbations within the range of
future experiments, making this an attractive and testable model of GUT baryogenesis.
© 2012 Elsevier B.V. Open access under CC BY license.The inﬂationary paradigm [1] has been extremely successful in
explaining the ﬂatness and homogeneity of the observable uni-
verse, as well as providing an origin for Cosmic Microwave Back-
ground (CMB) anisotropies and the Large Scale Structure (LSS).
While models with a single slow-rolling scalar ﬁeld have been ex-
tensively explored in the literature, these haven proven hard to
embed within UV-completions of the Standard Model (SM) such
as supergravity/string theory constructions, which typically suffer
from the so-called ‘eta-problem’ that precludes suﬃciently long
periods of inﬂation (see e.g. [2]).
Warm inﬂation [3,4] (see also [5]) offers an attractive solution
to this problem by taking into account dissipative effects, which
not only damp the inﬂaton’s motion and allow for longer periods
of slow-roll but also act as a source of light particles that may
lead to a ‘graceful exit’ into a radiation-dominated era. Further-
more, when the temperature of the radiation exceeds the Hubble
rate during inﬂation, T > H , thermal inﬂaton ﬂuctuations become
the main source of density perturbations, typically yielding lower
inﬂationary scales than cold scenarios.
From a supersymmetric (SUSY) two-stage mechanism [4,6], in
which interactions between the inﬂaton and the light particles are
mediated by heavy ‘catalyzer’ ﬁelds X , whose masses are above
the temperature of the radiation bath, T  mX/100, the ﬂatness
of the inﬂaton potential is safe from both quantum and thermal
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time non-local processes, this allows for strong dissipative effects
with moderately large ﬁeld multiplicities [4].
Dissipation is naturally an out-of-equilibrium process, as anni-
hilation of the resulting particles cannot eﬃciently ‘re-populate’
the classical background condensate. It is then natural to ask
whether a baryon asymmetry may be produced during inﬂation
through dissipative effects, by incorporating B- and CP-violating
interactions in the two-stage mechanism described above, thus sat-
isfying the Sakharov conditions [7]. The structure of the two-stage
interactions then suggests a parallel with thermal baryogenesis
models in GUT scenarios, in which the B- and CP-violating decays
of heavy GUT bosons may occur in an out-of-equilibrium fash-
ion once the temperature of the universe drops below their mass
threshold [8].
In this Letter, we show that heavy GUT states can mediate dissi-
pative processes during warm inﬂation leading to a baryon asym-
metry (see e.g. [9] for related studies). An attractive feature of this
mechanism is the generation of an asymmetry at T  MGUT , avoid-
ing the production of undesirable relics, like magnetic monopoles,
that are generic in thermal scenarios. As we show below, the
resulting asymmetry is naturally small in the low-temperature
regime, despite the O(1) couplings typically required for success-
ful warm inﬂation, as opposed to both thermal and non-thermal
[10] GUT baryogenesis scenarios where these are necessarily sup-
pressed.
We also show that the resulting baryon-to-entropy ratio ex-
hibits thermal ﬂuctuations that lead to baryon isocurvature per-
turbations in the CMB spectrum and that may be accessible with
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ing in many of the proposed models of baryogenesis. Warm baryo-
genesis thus constitutes the ﬁrst example of a consistent warm
inﬂation scenario where a baryon asymmetry is produced and a
viable model of GUT baryogenesis.
We start by considering a GUT-like extension of the SUSY two-
stage mechanism of [6] that includes interactions between the in-
ﬂaton, described by the scalar component φ of a superﬁeld Φ , and
a set of mediator superﬁelds Xa , a = 1, . . . ,NX . These are coupled
to light degrees of freedom (dof) described by a set of N f super-
ﬁelds Q i and Li , where the former carry a non-zero baryon num-
ber (or B–L charge) bi and the latter correspond to non-baryonic
species. For simplicity, we will loosely refer to these as ‘quark’
and ‘lepton’ superﬁelds, although our discussion applies to more
generic scenarios. The relevant superpotential can be written as:
W = [gaΦX2a + hija XaQ i Q j + λi ja XaQ ci L j], (1)
where a sum over the heavy and light ﬁeld indices is implicit.
As generic in SUSY GUT models, the form of the Yukawa terms
in Eq. (1) is such that there is no consistent assignment of
baryon number to any of the Xa ﬁelds, which may then decay
in a B-violating fashion. The couplings hija and λ
i j
a are complex
and N f  3 in order to ensure violation of C and CP, whereas
the ga couplings are real. The mass of the mediator supermulti-
plet components during inﬂation is given by m2a = 2g2aϕ2, where
〈φ〉 = ϕ/√2, with a negligible splitting between the fermionic and
bosonic components due to soft SUSY breaking during inﬂation.
We will also assume the masses of the Q i and Li components are
well below the temperature during warm inﬂation and may thus
be discarded.
As shown in the literature (see e.g. [4]), the main processes
contributing to dissipative effects in warm inﬂation correspond
to interactions between the scalar components in a superpoten-
tial of the form Eq. (1), so that the dominant source of a baryon
asymmetry will be the production of squark ﬁelds. The relevant
terms are included in the scalar potential Vs = 4g2a |φ|2|χa|2 +
2gaφ†χ
†
a (h
ij
a q˜iq˜ j + λi ja q˜†i l˜ j) + h.c., where χa , q˜i and l˜ j denote the
scalar components of the Xa , Q i and L j superﬁelds, respectively.
A baryon asymmetry will then arise from the difference between
the particle production rates for scalar quarks and anti-quarks. In
[12], these were computed in the adiabatic regime from the ther-
mal Wightman self-energy for each light particle species i, yielding
for the time derivative of the energy density,
ρ˙
(d)
i =
∫
d3p
(2π)3
ωp Im
[
2
t∫
−∞
dt′ e
−iωp(t−t′)
2ωp
Σ21
(
p, t, t′
)]
, (2)
where p and ωp are the momentum and energy of the light
ﬁelds. The difference between this quantity for baryonic and anti-
baryonic species then sets the rate at which a net baryon asym-
metry is produced, and can be compard to the total particle pro-
duction rate in order to determine the baryon-to-entropy ratio
produced by warm inﬂation. Here we will outline the main steps
of this computation, describing the more technical details in Ap-
pendix A for the interested reader.
Firstly, one should note that in the low-temperature regime,
where thermal corrections to the inﬂaton potential are suppressed,
the main contribution to dissipative particle production comes
from one-loop effects involving virtual heavy χa bosons, since pro-
duction of on-shell states is Boltzmann suppressed for ma 	 T .
This is inherently different from most baryogenesis models in the
literature involving the decay of on-shell heavy states, where the
out-of-equilibrium condition results from the inbalance between
direct decay and inverse decay processes [13].Fig. 1. Feynman diagrams contributing to the q˜i self-energy up to 2-loop order. The
ﬁlled circles correspond to couplings 2g2aϕ
2 with the inﬂaton background ﬁeld.
The leading particle production process is in this case [12]
φ → σ 2i σ 2j , where σi, j = qi, j, li, j , via virtual χ ﬁeld pairs. Since
the inﬂaton ﬁeld is varying (slowly), the resulting particles cannot
eﬃciently annihilate and fully give away their energy back into the
background condensate. This leads to a net particle production and
makes dissipative effects inherently out-of-equilibrium, as signaled
by the non-zero value of the right-hand side of Eq. (2) for ϕ˙ = 0
(see Appendix A).
Although the leading contributions to the light particle self-
energy arise at one-loop order, the associated diagrams correspond
to ‘squared’ tree-level diagrams, and hence cannot contribute to
the baryon asymmetry according to the theorem by Nanopoulos
and Weinberg [8]. The diagrams contributing to the squark self-
energy up to 2-loop order are then illustrated in Fig. 1, with
analogous diagrams for the anti-squark self-energy including the
complex conjugate couplings. We have computed these contribu-
tions in the low-temperature regime, T  ma , justifying a low-
momentum approximation for the heavy boson propagators [12].
Note that the χa propagators are ‘dressed’, i.e. involve a resum-
mation over light ﬁeld loop corrections. These correspond to the
non-vanishing decay width of the heavy bosons, Γχa , which in-
duces particle production despite their virtual nature in the low-
temperature regime (see Appendix A). We then obtain for the dif-
ference between the squark and anti-squark self-energies:
Σ B21 = 8
NX∑
a,b=1
∫
d3k fam
2
b Iab Im
(
Tr
[
λ∗bλ
T
a hbh
†
a
])
, (3)
where k denotes the momentum of the χa propagators in the main
loop, fa(p,k, t, t′) includes the main loop factors and is explic-
itly given in Appendix A, while Iab(p,k) is the imaginary part of
the ‘triangle’ loop integrals. In the low-temperature regime for the
heavy particles, a low-momentum approximation applies and we
obtain
m2b Iab(p,k)  −
1
16π
(
1− 1
2
p2 − (p − k)2
m2b
)
. (4)
From Eqs. (3) and (4), it is easy to conclude that, as in thermal
GUT baryogenesis models [8], one needs at least two distinct heavy
ﬁelds, with either different masses or different Yukawa couplings,
in order to produce a non-vanishing baryon asymmetry. In partic-
ular, note that the trace Tr[λ∗bλTa hbh†a] is real for a = b and that the
Iab and Iba contributions cancel each other unless ma =mb .
The total particle production rate can be computed by adding
the self-energy of all the light baryonic and non-baryonic ﬁelds,
for which it is suﬃcient to consider the lowest-order diagrams in
Fig. 1. This gives:
Σ R21 = 2
∫
d3k fa
[
Tr
[
hah
†
a
]+ Tr[λ∗aλTa ]+ Tr[λaλ†a]], (5)
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baryonic species and the last term to the non-baryonic ﬁelds. The
internal and external momentum integrations, as well as the time
integration in Eq. (2), can then be performed following the pro-
cedure in [12]. The momentum dependence of the triangle loop
integrals Iab yields an additional factor T 2/m2b with respect to the
leading order result, while changing the overall value by a factor
∼ 3.5, which we obtained numerically (see e.g. [14]). This corre-
sponds to an inherent momentum cut-off in Eq. (4) due to Boltz-
mann suppression of the heavy mediators in the low-T regime,
such that p,k T .
For concreteness, let us consider a case with NX −1 degenerate
ﬁelds of mass mX and an additional multiplet of mass mX +mX ,
with mX/mX  1. We also assume without loss of generality
that all Q i superﬁelds carry the same baryonic charge, b, and that
the Yukawa couplings only differ by a phase, i.e. ha = |h|V eiθa and
λa = |λ|Ueiαa , with U and V denoting unitary matrices. We ﬁnd
the asymmetry ratio to be
r ≡ ρ˙
(d)
B
ρ˙
(d)
R
≈ 3.5b sin δ
4π
|h|2|λ|2
|h|2 + 2|λ|2
NX − 1
NX
T 2
m2X
mX
mX
, (6)
where δ denotes an effective CP-violating phase. Note that this is
independent of the number of light species N f and only mildly
dependent on NX .
During inﬂation, the radiation density is determined by both
the dissipative effects and the Hubble friction, with evolution
equation ρ˙R + 4HρR = Υ ϕ˙2. The dissipative coeﬃcient, computed
in the low-T regime [12,14,4], is of the form Υ = CφT 3/ϕ2, where
Cφ  0.16|h|4NXN2decay for |h|  |λ|, with Ndecay denoting the num-
ber of available decay channels for the heavy mediators. Similarly,
a fraction rΥ sources a net baryon number density nB = nb − nb¯ .
Since ρR = (g∗π2/30)T 4, with g∗ denoting the number of rela-
tivistic dof, the entropy and baryon number densities are given by:
s˙ + 3Hs = Υ ϕ˙
2
T
,
n˙B + 3HnB = 45ζ(3)
2π4
gB
g∗
r
Υ ϕ˙2
T
, (7)
with gB giving the number of baryonic dof. Note that this includes
fermionic ﬁelds, which are thermally produced despite the domi-
nant scalar nature of the dissipative processes [14]. In the slow-roll
regime, these quantities quickly approach a steady state solution,
yielding for the baryon-to-entropy ratio ηs = nB/s,
ηs ≈ 3.545ζ(3)
8π5
gBb sin δ
g∗
|h|2|λ|2
|h|2 + 2|λ|2
NX − 1
NX
T 2
m2X
mX
mX
. (8)
In warm inﬂation models, radiation typically comes to domi-
nate the energy density [3], ending inﬂation during the slow-roll
regime, such that Eq. (8) gives the observed value if no sig-
niﬁcant entropy production or washout processes occur in the
post-inﬂationary evolution. In particular, one can ensure that elec-
troweak sphaleron processes [15] conserve the produced asymme-
try by generating a net B–L number density during warm inﬂation.
Also, if the ‘catalyzer’ ﬁelds are heavy (Majorana) right-handed
neutrinos with L-violating interactions [16], an inﬂationary lep-
ton asymmetry may later be converted into baryon number by
sphaleron processes.
Apart from numerical factors, the main difference between the
baryon asymmetry produced by dissipation and the corresponding
result for out-of-equilibrium decay of heavy bosons resides in the
T 2/m2X suppression in the low-T regime, so that the heavy ﬁelds
are not excited by background dissipation. This is an appealing fea-
ture, since it not only prevents the generation of GUT relics thatcould overclose the universe but also leads to a small baryon-to-
entropy ratio, at the same time ensuring that thermal corrections
are under control. Taking for instance b = 1/3, |h|  |λ|, NX 	 1
and the MSSM values for gB and g∗ , we then obtain
ηs ≈ 8.9× 10−11|h|2
(
T /mX
0.01
)2( mX
mX
0.015
)(
sin δ
0.025
)
. (9)
Note that the moderately large ﬁeld multiplicity typically required
in warm inﬂation models will not affect the ratio gB/g∗ signif-
icantly. The best present estimate for the baryonic asymmetry
comes from Big-Bang nucleosynthesis [17], 7.2 × 10−11  ηs 
9.2 × 10−11, at 95% C.L. Our result (9) may thus be naturally
within the observed window despite the O(1) couplings typically
required in warm inﬂation scenarios, with mass degeneracy and
a CP-violating phase at only the few percent level. On the other
hand, thermal GUT baryogenesis scenarios require strongly sup-
pressed couplings in order to reproduce the observed asymmetry.
Similarly, in non-thermal scenarios [10], the parametric resonance
that excites the heavy bosons is eﬃcient only for suﬃciently long
lifetimes.
In some warm inﬂationary scenarios, radiation is always sub-
dominant even though dissipation sustains the required number
of e-folds [4]. One then expects additional entropy production
through conventional reheating processes, as well as possibly from
the late decay of any light moduli present during inﬂation. No-
tice, however, that moduli dynamics may be modiﬁed due to the
thermal radiation bath with T > H . Although this may dilute any
undesired gravitino abundance [18], it will also dilute the asym-
metry produced by dissipation, but this may be compensated with
larger CP phases, couplings and non-degeneracies in the heavy me-
diator spectrum.
Given that mX ∝ φ, Eq. (8) also implies ηs ∝ (T /φ)2, so that
thermal ﬂuctuations of the inﬂaton ﬁeld will be imprinted on
the baryon-to-entropy ratio. Although baryons are subdominant
during inﬂation, they become a signiﬁcant component of the en-
ergy density at late times and will contribute to CMB anisotropies
and LSS. Although such baryon isocurvature perturbations (BIP)
also arise in other scenarios [19], they are in this case fully
(anti-)correlated with adiabatic perturbations, since both originate
from inﬂaton ﬂuctuations. These can be obtained by perturbing
the inﬂaton equation, φ¨ + (3H + Υ )φ˙ + Vφ = 0, and are cou-
pled to the temperature ﬂuctuations via the evolution equation
for ρR . BIP are conventionally measured by the ratio BB = SB/ζ ,
where ζ = −Hδρ/ρ˙ is the gauge-invariant curvature perturba-
tion and SB = δρB/ρB − (3/4)δρR/ρR = δηs/ηs [20]. In the slow-
roll regime, on superhorizon scales, we obtain after some alge-
bra:
BB = 2[2ηφ(1+ Q )− σφ(3+ 5Q )− φ(3+ Q )]
(1+ Q )2(1+ 7Q ) , (10)
where we deﬁne Q = Υ/3H , φ = (m2P /2)(Vφ/V )2, ηφ =m2P Vφφ/V
and σφ = m2P Vφ/(V φ). This thus yields an additional observ-
able that may be used to probe the consistency of warm inﬂa-
tion models, along with the spectral index, the tensor-to-scalar
ratio and non-gaussianity parameters. In particular, we obtain
[4]
BB
nS − 1 
⎧⎨
⎩
3φ−2ηφ+3σφ
φ−σφ , Q  1,
2
3Q
φ−2ηφ+5σφ
3φ+ηφ−6σφ , Q 	 1
(11)
so that BB is generically at most of the same order of magnitude
as the deviations from scale invariance, with nS = 0.968 ± 0.012
(68% C.L.) [21], being further suppressed for strong dissipation. For
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in the weak and strong dissipation regimes, respectively. The most
recent WMAP analysis of cold dark matter anti-correlated isocurva-
ture perturbations [21], taking into account that Ωc/Ωb  5, yields
|BB | < 0.34 (95% C.L.), for BB < 0, while according to an earlier
analysis −0.53 < BB < 0.43 (95% C.L.) [22]. This is thus generi-
cally consistent with the expected amount of BIP, even for Q  1,
while Planck should improve these bounds by an order of magni-
tude [11].
Generating a baryon asymmetry through dissipative effects dur-
ing warm inﬂation thus exhibits several attractive features. By
keeping the temperature during inﬂation below the GUT scale, it
provides an appealing model of GUT baryogenesis, with no un-
wanted relics and a small baryon-to-entropy ratio with no unnat-
urally suppressed couplings and CP-violating angles, at the same
time keeping thermal corrections to the inﬂaton potential under
control. Furthermore, a superpotential of the form in Eq. (1) is
natural in SUSY GUT constructions where the inﬂaton lies within
a diagonal subgroup of an adjoint Higgs representation and the
heavy mediators correspond to its off-diagonal components, as in
the D-brane model considered in [23]. These constructions are also
natural arenas for warm inﬂation due to the large ﬁeld multiplic-
ity available, ensuring suﬃciently strong friction effects to sustain
the required number of e-folds.
Although in this work we have focused on the baryon asymme-
try generated by the varying inﬂaton ﬁeld, it is possible in some
models of warm inﬂation for excitations above the background
condensate, φ = 〈φ〉 + φ1, to also play a signiﬁcant role. The slow
roll conditions require ηφ < 1+ Q , where Q = Υ/3H , which imply
mφ/H 
√
1+ Q . Since T > H during warm inﬂation, one could
have mφ  T if Q  1 in the early stages of inﬂation, such that
the process χ → σ 2i φ1 contributes to Γχ and hence the φ1 particle
states become a non-negligible component of the radiation bath.
They are, however, unstable and decay via φ1 → σ 2i σ 2j through
virtual χ ﬁelds. If dissipation becomes strong towards the end of
inﬂation, Q 	 1, as is the case for typical inﬂationary potentials
[4], it is possible to have mφ > T , depending on the evolution of ϕ
and T , so that the φ1 states decay out-of-equilibrium and produce
a net baryon number. Given the common origin and structure of
the relevant interactions, the contributions from background dis-
sipation and φ1 decay to the baryon asymmetry will necessarily
have the same sign and similar magnitude, so that our earlier re-
sults are robust despite the dependency of the latter contribution
on the details of the inﬂationary dynamics.
One of the crucial aspects of the model presented in this Letter
is the fact that dissipation provides a novel mechanism for satis-
fying the Sakharov out-of-equilibrium condition [7]. Although we
have examined a nearly thermal equilibrium regime, warm inﬂa-
tion is general to any non-equilibrium inﬂationary scenario gov-
erned by ﬂuctuation–dissipation dynamics [3]. Furthermore, dis-
sipative processes may also play an important role in the post-
inﬂationary universe, e.g. during cosmological phase transitions, so
that we may extrapolate from our analysis a more general mecha-
nism of dissipative baryogenesis.
Warm baryogenesis thus provides an unprecedented link be-
tween inﬂationary physics and the observed baryon asymmetry,
a connection that may be tested in the near future and possibly
shed a new light on two of the most important problems in mod-
ern cosmology.
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The scalar interactions involving the background inﬂaton ﬁeld,
ϕ , the mediators χa and the light ﬁelds σi = qi, li relevant for the
dissipative dynamics are of the form (omitting the indices for sim-
plicity):
LI = −2g2ϕ2χ †χ − hM
[
χ †σ 2 +χ(σ †)2], (A.1)
where M = √2gϕ . Following [12], the particle production rate of
σ -particles in the radiation bath due to interactions with the χ -
ﬁelds is given by:
n˙σ (p) = Im
[
2
t∫
−∞
dt′ e
−iω(p)(t−t′)
2ω(p)
Σ21
(
p, t, t′
)]
, (A.2)
with the Wightman self-energy given, to leading order, by:
Σσ,21
(
p, t, t′
)= 16g4h2M2 ∫ d3k
(2π)3
3∏
i=1
dωi
2π
e−iω2(t−t′)
× Gσ ,21
(
p− k, t − t′)Gaχ,2(k,ω1)ϕ2(ω1 −ω3)
× Gbχ,a(k,ω3)ϕ2(ω3 −ω2)Gχ,b 1(k,ω1), (A.3)
where Gχ,ab(k,ω), a,b = 1,2, are the fully dressed ﬁnite temper-
ature Schwinger–Keldysh χ -propagators. In the low-temperature
regime, T mχ , the main contributions to this integral arise from
virtual low-momentum modes, so that we can use the approxi-
mate forms:
Gaχ,a(k,ω) ≈ −
i
m2χ
,
G1χ,2(k,ω) ≈
2Γχ(k,ω)
m3χ
[
1+ n(ω)], (A.4)
where n(ω) is the Bose–Einstein distribution function and Γχ
is the ﬁnite temperature width of the χ -ﬁeld, which has been
computed in [14] at one-loop order. In the slow-roll regime one
can approximate the Fourier transform of the background inﬂaton
ﬁeld ϕ2(ω)  2iϕϕ˙2πδ′(ω). Also, the light σ -propagators can be
Fourier transformed to yield:
Gσ ,21(p− k,ω) = −i
[
1+ n(ω)] 2π
2ωσp−k
[
δ
(
ω −ωσp−k
)
+ δ(ω +ωσp−k)] sgn(ω), (A.5)
where sgn(ω) is the sign function. Substituting these results into
Eq. (A.3), we get:
Σσ,21
(
p, t, t′
)= h2 ∫ d3k f (p,k, t, t′), (A.6)
where
f
(
p,k, t, t′
)= − 64ig4
(2π)3
M2ϕ2ϕ˙2
m7χ
∫
dω2
2π
1
ωσp−k
× {Γχ(k,ω2)[1+ n(ω2)]}′′
× {e−i(ω2+ωσp−k)(t−t′)[1+ n(ωσp−k)]
+ e−i(ω2−ωσp−k)(t−t′)n(ωσp−k)} (A.7)
corresponds to the function appearing in Eqs. (3) and (5). To ob-
tain the net particle production rate it remains to perform the time
integration in Eq. (A.2), for which we may use the following iden-
tity:
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−∞
dt′ e−i(ω2+ω
σ
p ±ωσp−k)(t−t′)
= πδ(ω2 +ωσp ±ωσp−k)+ iω2 +ωσp ±ωσp−k . (A.8)
This yields:
n˙σ (p) = −32g4h2M2ϕ
2ϕ˙2
m7χ
∫
d3k
(2π)3
1
ωσpω
σ
p−k
× [{Γχ (k,−ωσp −ωσp−k)[1+ n(−ωσp −ωσp−k)]}′′
× [1+ n(ωσp−k)]
+ {Γχ (k,−ωσp +ωσp−k)[1+ n(−ωσp +ωσp−k)]}′′
× n(ωσp−k)]. (A.9)
The total particle production rate in an expanding universe
ρ˙σ + 4Hρσ = Υ ϕ˙2 can then be obtained by integrating over the
momenta of the produced σ -particles:
Υ = 1
ϕ˙2
∫
d3p
(2π)3
ωσp n˙σ (p). (A.10)
These results can then be used to compute the production rate of
each species. For the difference between squark and anti-squark
production rates one needs to include the additional momentum
dependence and the associated coupling structure arising from
the triangle loop diagrams in the above expressions, according to
Eq. (4), while for the total particle production rate it suﬃces to add
the one-loop contributions of all species, with the relevant cou-
plings.
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